Nonobese diabetic mice spontaneously develop diabetes that is caused by autoimmune cell-mediated destruction of pancreatic beta cells. Here we report that surgical removal of 90% of pancreatic tissue before onset of insulitis induced a long-term diabetes-free condition in nonobese diabetic mice. Pancreatectomy after development of moderate insulitis had no effect on the course of diabetes. The effect of pancreatectomy was abrogated with subsequent development of diabetes by infusion of islet-cell-specific T lymphocytes and by transplantation of pancreatic islets. Lymphocytes from pancreatectomized diabetes-free mice exhibited low response to islet cells but responded normally to alloantigens. These results suggest that the islet cell mass plays a critical role in development of autoimmune diabetes.
Nonobese diabetic (NOD) mice spontaneously develop diabetes that has features similar to those of human insulindependent diabetes mellitus, a polygenic disease caused by autoimmune destruction of insulin-producing beta cells in the islets of Langerhans (1) (2) (3) . The onset of this type of diabetes is preceded by a long period of insulitis that proceeds from lymphoid cell infiltration in the periphery of the islets (periinsulitis) to cellular infiltration invading the islets (insulitis) (4) (5) (6) (7) (8) . Although a T lymphocyte-mediated autoimmune etiology is suggested in this model (9) (10) (11) (12) (13) (14) (15) (16) , the antigen(s) responsible for triggering the activation of autoreactive T lymphocytes has not been fully elucidated. Molecules localized in the islets that have been characterized as the candidate antigens include insulin (17) , glutamic acid decarboxylase (18) , glycolipids (19, 20) , carboxypeptidase H (21) , and cellular proteins with molecular masses of 38 kDa (22) , 52 kDa (23) , and 69 kDa (24) .
Regardless of the nature of islet autoantigen(s), initial activation of autoreactive T cells by the antigen(s) must take place sometime before the development of insulitis. Although it is likely that presentation of the autoantigen(s) to T cells occurs locally within the pancreas, there has been no study (to our knowledge) on whether the initiation of the diabetogenic process is a dose-dependent event in which a sufficient amount of islet antigen(s) in the pancreas must be presented to autoreactive T cells for activation. In this study, we examined whether reduction of overall islet mass by surgical removal of the pancreas has any influence in the subsequent development of diabetes in NOD mice.
MATERIALS AND METHODS
Mice. Female NOD/MrkTacfBR mice were purchased from Taconic. In this strain of NOD mice, hyperglycemia is first observed when the mice are 14 weeks old, and the cumulative incidence of diabetes is 80% in females at 27 weeks (data provided by Taconic). Male C3H/He (H-2k) and DBA/1 (H-2q) mice (7-8 weeks old) were obtained from The Jackson Laboratory. All The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. the first 2 weeks after pancreatectomy, they regained normal body weight in 3-5 weeks after surgery. Body weight changes were similar in mice that were pancreatectomized at 7 weeks of age and became diabetes-free and in mice that were pancreatectomized at 13 weeks of age and developed diabetes.
Histology. No lymphocytic infiltration was observed in the pancreases removed at 7 weeks of age (Fig. 2a) . Because insulitis may be present at 3-5 weeks of age in other strains of NOD mice (1), absence of insulitis at 7 weeks of age in this strain of NOD mice (NOD/MrkTacfBR) was carefully confirmed by histological examination of multiple pancreases obtained from mice 3-7 weeks old. Moderate peripheral insulitis was seen in the pancreases removed at 13 weeks of age (Fig. 2b) . At 34 weeks of age, the remaining pancreas tissue in subtotally pancreatectomized mice showed islets with no or minimum lymphocytic infiltration (Fig. 2c) . The pancreas in sham-operated (splenectomy alone) mice revealed islets with severe lymphocytic infiltration involving the whole islet (Fig.  2d) .
Adoptive Transfer of Diabetes. An adoptive transfer system (10, 13) was used to determine whether beta cells in the remaining pancreas were susceptible to destruction by activated autoimmune T lymphocytes. Injection of SPC obtained from overtly diabetic NOD mice into 30-week-old pancreatectomized nondiabetic NOD mice induced diabetes as rapidly as injection into 8-week-old naive NOD mice ( Table 1) .
Effect of Islet Transplantation After Pancreatectomy. Because reduction of beta cell mass by pancreatectomy created a diabetes-free condition, we tested whether the addition of beta cell mass in the form of islet transplantation could cause pancreatectomized NOD mice to develop spontaneous diabetes (Table 2 ). Islet transplantation with as few as 60 NOD islets abrogated the protection and caused eventual development of diabetes (Table 2 , experiment B). It appears that 30 islets were insufficient to break the pancreatectomy-induced protection. Pancreatectomized NOD mice transplanted with 500 islets of diabetes-resistant, fully allogeneic C3H/He mice also developed diabetes. Allogeneic stimulation by renal subcapsular inoculation of 50 x 106 C3H/He SPC appeared to have no effect on the pancreatectomy-induced diabetes-free condition.
Mixed Lymphocyte-Islet Cultures. The capacity of lymph node cells (LNC) to respond in vitro to islet cells after pancreatectomy and sham operation was examined by mixed lymphocyte-islet cultures (Fig. 3) . LNC prepared from pancreatectomized, nondiabetic mice failed to respond to isogeneic NOD islets, whereas LNC of sham-operated mice responded strongly to isogeneic islets. Responses of both groups of lymphocytes to alloantigens were comparable. Similar results were repeatedly obtained in multiple experiments.
DISCUSSION
In individuals genetically predisposed to develop autoimmune diabetes, autoreactive T cells are released into the periphery, where they subsequently become sensitized against islet antigen(s). It is postulated that initial nonautoimmune inflammatory responses in the islets recruit autoreactive T cells to the islets, where they are exposed to islet antigens released from damaged beta cells (26) . Activated autoreactive T cells continue to expand and eventually destroy beta cells, leading to diabetes.
The results presented herein clearly illustrate the importance of early interaction within the pancreas between the islet antigen(s) and autoreactive T cells for initiation of the diabetogenic process. Removal of the pancreas before the development of insulitis (at 7 weeks of age in NOD/MrkTacfBR mice) induced a life-long protection of NOD mice from diabetes. However, progression of the diabetogenic process was not disturbed by pancreatectomy once the autoreactive T cells had been activated, as evidenced by moderate insulitis in 13-weekold pancreases. Although it is currently unknown whether the islet antigen(s) involved in the early T-cell activation is the conventional autoantigens (17) (18) (19) (20) (21) (22) (23) (24) or other early beta cellspecific autoantigens (27) destroyed by the autoimmune process (28) . The mechanism(s) underlying slow development of autoimmune diabetes, regardless of the size of an islet mass, remains to be investigated.
The diabetogenic process that had been arrested by pancreatectomy was restored once a sufficient amount of islet antigen(s) was provided in the form of islet isografts. The interaction was dose-dependent in that transplantation of more than 60 NOD islets induced diabetes but transplantation of 30 NOD islets failed to cause diabetes. Since 30 islets contained 2.7 ± 0.4 ,ug (n = 3) insulin, which was equivalent to insulin content of the remaining pancreas after pancreatectomy and to approximately 10% of insulin in the whole pancreas, the minimal beta cell mass needed to initiate a diabetogenic autoimmune process was calculated to be approximately 20% of the total beta cells contained in the whole pancreas.
Diabetes also developed in pancreatectomized NOD mice after transplantation of allogeneic C3H/He islets. Thus, islets of diabetes-prone NOD mice and islets of diabetes-resistant C3H/He mice appeared to share diabetogenic autoantigen(s) that activated autoreactive T cells of NOD mice. Although a previous report (27) showed that T-cell clones derived from NOD mice proliferated in vitro in response to extracts of NOD islets as well as human islets, we have demonstrated for the first time that islets of allogeneic, diabetes-resistant mice were capable of initiating autoimmune response in NOD mice. This finding suggests that a diabetogenic antigen(s) is expressed on beta cells of all mice regardless of their genetic predisposition for autoimmune diabetes. Because pancreatectomized mice responded to alloantigens as strongly as control mice, allogeneic islets in pancreatectomized mice were probably rejected in 12-22 days as were those in streptozotocin-induced diabetic NOD mice (28) . Thus, it appears that autoreactive T cells were activated in a relatively short period of time, and thereafter, the amount of beta cells (or the amounts of diabetogenic antigens) did not influence the course of diabetes. Consistent with this is the finding that pancreatectomy after the onset of insulitis failed to protect NOD mice from diabetes.
